ABSTRACT. Empirical relationships between recession rate of bluffs and precipitation
INTRODUCTION
Bluff shorelines along the Great Lakes erode at different rates depending upon a variety of external controls. The rate of shoreline recession varies spatially, however, at a given shore reach, past recession rate can be measured. Traditionally, the past recession rate has been used as a basis of estimating future recession. However, recession rate varies temporally at a given shore reach in response a variety of external controls, so past recession rate may not be a good predictor of future rates. In order to improve our ability to predict long-term rates of future bluff recession, we developed empirical relationships between historic recession rates of bluff toes and crests and environmental conditions including precipitation, storm frequency, deep water wave power, lake level, and wave-impact height at two sites on the west shore of Lake Michigan (Fig.  1) , high (30-45 m) bluffs in Ozaukee County and low (9-11 m) bluffs in Manitowoc County.
Overview of Bluff Processes
Because much of the Great Lakes shoreline has bluffs of till or lake sediment above the beach (Pope et al. 2001) , one component of shore erosion is bluff instability. While bluff material properties (including strength, i.e., angle of internal friction and cohesion, and unit weight), slope geometry, stratigraphy, and groundwater level determine the static stability of a slope, natural time-varying weathering processes including precipitation, freeze/thaw action (Wilcock et al. 1998 , Sterrett 1980 , sheet wash (Sterrett 1980) , seepage effects,
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and wave action can complicate bluff stability (Mickelson et al. 2004) . Edil and Vallejo (1980) report a distinct reduction in the inclination of a stable slope when the groundwater level, whether perched or not, rises from 1/4 to 3/4 of the slope height. Recent studies (Montgomery 1998; Chase et al. 2001a, b) show that groundwater and bluff stratigraphy can affect short term bluff recession rates. On the other hand, we believe that erosion by waves is likely the main determinant of the longterm recession rate of bluffs because wave erosion prevents the bluff slopes from ever attaining equilibrium. Wave action at the toe of the slope serves to weaken and remove exposed bluff material, thereby undercutting the toe of the overall slope and reducing the stability, and ultimately causing failure.
The long-term response to wave erosion is further complicated by a changing slope geometry. Over time, the slopes evolve in response to the effects listed above. Studies Vallejo 1980, Mickelson et al. 2004) have shown that the pattern and rate of slope change depends upon bluff height, stratigraphy, soil type, and vegetative cover. Low (10 m or less) bluffs, such as those at the Manitowoc County site, respond more rapidly to lake level, wave climate and precipitation patterns than high bluffs. Generally, low bluffs that experience erosion at the base have no trees and very little vegetation due to the short "cycle" time of the slope failures. The predominant slope processes of low bluffs are shallow slumps, translational slides, and face degradation. In contrast, high (30-45 m) bluffs, such as those at the Ozaukee site, change slowly because of the long "cycle" time to erode the large mass of material at the base after failure. An episodic failure mode is usually exhibited by the high bluffs Mickelson 1995, Mickelson et al. 2004) . through which these high bluffs pass. Large, deepseated slumps occur locally at a rapid rate, depositing the material at the base of bluff. The material acts like a buttress for a number of years until the waves erode the failed sediment. The waves then resume their direct attack on the intact bluff face and another large, deep-seated failure occurs eventually.
Beach and Nearshore Processes
Change in lake level is commonly considered to be one of major factors controlling bluff retreat rate (Bray and Hooke 1997 , Kirk et al. 2000 , Carter 1976 ). Natural lake level variations can be subdivided into three categories: short term (changes within a few days or less), medium term (changes within a year), and long term (changes over a few years or more). Short-term changes are due to wind-stress buildup, barometric pressure changes, and seiche (resonant oscillations) activity and do not represent a change in the volume of water. A strong uni-directional wind lasting from hours to several days can cause water to rise significantly for a few tens of hours. These effects are more pronounced at the confined north and south ends of Lake Michigan than in mid-lake.
Medium-term (seasonal) changes affect an entire lake and are caused primarily by differences in rates of runoff and evaporation. A typical seasonal cycle for Lake Michigan shows a high in June-July and low in January-February. Long-term changes are caused by major variations in the climate within the Great Lakes basin and glacio-isostatic rebound (Carter 1976) . For the length of time considered in this study, these long-term changes in lake level are probably not important.
Coupled with sufficiently high water levels, storm generated waves have been considered a principal cause of recession along shorelines (Jibson and Odum 1994 , Dewberry and Davis 1994 , Davidson-Arnott and Pollard 1980 , Sunamura 1976 , Sunamura 1977 . Unlike lake level, which plays only a passive role in coastal erosion or "sets the stage" for erosion to occur, wind generated waves on the Great Lakes are capable of eroding till bluffs both directly and indirectly (Kamphuis 1987 , Carter 1976 . Some waves in deepwater break under some circumstance Nepf 2002, Yao and Wu 2004 ) and less energy would reach the beach. Others keep propagating to nearshore and reaching the shoreline. In cases where the beach is narrow (e.g., times of high lake level or after erosion episode) a much greater proportion of wave energy reaches the bluff, causing erosion (Sorensen 1997) . The continuous onslaught of waves serves to erode and wash away the intact, exposed bluff face and to remove slumped material at the base of the bluff. Thus, the erosion at the base of the bluffs is a continuing, but not a continuous process. Davis et al. (1973) consider differences in the local rates of erosion along the eastern Lake Michigan shore to be more attributable to the presence or absence of nearshore sand bars and man-made coastal structures than to the relatively long-term fluctuations of lake level. In particular, nearshore downcutting of cohesive shorelines impacts bluff stability indirectly. Nearshore downcutting is the general planning down of the lakebed surface due to the abrasive action of erosive waves in the presence of sand. Kamphuis (1987) showed that the wave-related processes taking place on the foreshore could actually control the long-term rate of bluff erosion. This can occur where significant downcutting produces a deeper water condition, and allows more wave energy to impact the bluffs than previously would have taken place. A real threat of nearshore downcutting exists for all till shorelines where there is an insufficient sand supply to provide adequate protection of the till lake bed from wave action, which is probably a major factor in the erosion of most till bluffs.
DESCRIPTION OF REACHES
The sites represent two common bluff types on the Great Lakes. The Manitowoc site is a low bluff made up mostly of clayey till and clayey lake sediment. The Ozaukee reach has a very high bluff consisting of clayey till at the base, sandy and silty lake sediment in midslope, and clayey till at the top. Both sites have relatively wide beaches and little artificial armoring of the shoreline.
The Manitowoc reach is located at the north edge of Manitowoc County, Wisconsin. It extends from the Two Creeks Nuclear Power Plant in the south to the Kewaunee Nuclear power plant in the north, a distance of about 7 km (Fig. 1) . The low bluff (< 12 m) undergoes mostly parallel retreat by shallow slides and face degradation. Although recession has been fairly rapid, the shapes of profiles WTR-1 through WTR-2 show no noticeable change since the mid 1970s. A detailed description of bluff evolution is given in Chapman et al. 1997b . The land use at the top of the bluff is agricultural.
The Ozaukee reach is located in southern Ozau- Chapman et al. 1997b . Profiles WPW-1 through 5 were measured in 1999 (Brown 2000) and show no noticeable change from those in Chapman et al. 1997b . The land use at the top of the bluff is relatively new housing development, cleared land, and Concordia College.
METHODS AND DATA SOURCES
Recession Measurements Given the complexity of the bluff-beachnearshore system, it is still very difficult, if not impossible, at this time to construct a numerical model to predict rates of future bluff retreat. Therefore, we took the empirical approach of comparing bluff recession rates during certain time intervals in the past with several key variables. Recession rate at as many time intervals as possible were obtained. Recession rates were determined from digital orthophotos constructed using historical aerial photographs taken at least once every decade from the 1940s to present. The temporal variation in recession rates over intervals ranging between 6 and 17 years were determined for the toe and crest of the site with high (30-45 m) bluffs and for the crest, but not the toe at the site with low (9-11 m) bluffs.
Historical aerial photographs were used to create digital orthophotos. These raster images were used to map bluff lines directly on the computer screen. Air photographs used to determine recession rates were collected from a number of sources and came in a variety of forms. The details of the air photographs used to measure the recession rates at the Ozaukee site are summarized in Table 1 . Two sets of photos (1956 and 1995) were in the form of digital orthophotos at the outset of the study (from S.E.H. Baker 1997). The historical airphotos used to create orthophotos for the Manitowoc Site are listed in Table 2 . Kruepke (2000) had already created digital orthophotos from aerial photographs for years 1938 , 1961 , and 1967 . The 1952 and 1992 digital orthophotos were also available (from S.E.H. Baker 1997). The digital orthophotos for the remaining years of record, 1975 and 1999, were constructed for this study using Orthomapper ™ .
For both sites 30-m resolution DEMs and USGS digital orthophoto quadrangles (DOQQ) were used to create orthophotos for the 3.2 km-long Ozaukee site. Elevation data were stored as profiles with a spacing of 30 m. We modified the existing DEMs to optimize the accuracy of the bluff crest and toe po- sition with a 2-foot contour interval topographic map in the form of an Arcview ™ shape file. Arcview ™ and ArcInfo ™ were used to map and analyze the digital orthophotos. Digital polylines were created representing bluff crest and bluff toe lines for each of the dates for which aerial photography was taken. The original airphotos were viewed in stereo beside the computer to confirm the toe and crest locations using a three-dimensional view. Details of the procedure are given in Brown (2000) . The recession measurements represent spatial averages of rates measured at increments of 10--20 m along the shoreline over a distance of about 500-700 m for each of the measuring points. The centers of each of the profiles coincide with the shoreward extension of the measured offshore bathymetric profile locations. A script tool within ArcView ™ developed by Joon Heo (pers. comm. 2002) enables the average recession rate over a length of shoreline to be computed. The script program calculates the distance from the baseline to two digitized historic bluff lines. The user specifies the number of equally spaced intervals along the shore to use for recession rate calculation. The script tool calculates the average recession rate by taking an average of the difference in the distances determined from the baseline to the two offset bluff lines (Kruepke 2000) .
Precipitation
Over periods of years, precipitation affects the lake level. Over periods of hours, days, and weeks precipitation can increase groundwater levels and alter surface runoff. It is likely that periods of intense rainfall affect bluff retreat rates (Jibson and Odum 1994) . For this study, the average annual precipitation recorded at Milwaukee over each erosion epoch was compared to the average rate of bluff retreat.
Water Level
Changes in bluff retreat rates commonly have been correlated with fluctuations in lake level (Jibson and Odum 1994) . The average, minimum, maximum, and range of lake levels within each erosion epoch are compared to the recession magnitude of each erosion epoch. Historical lake level information from 1860 to present are on the NOAA website in graphical form (NOAA) and digital monthly lake levels dating from 1860 to present were obtained from NOAA (Frank Quinn, pers. comm., 1999) .
Wind
Wind data were obtained from two sources. The USACE (Hubertz et al. 1991 ) study used the historical continuous wind observations made at seven land stations and two anemometer-equipped buoys to estimate wind fields over Lake Michigan throughout the period 1956 to 1997. Due to the lack of hourly data at all stations, the wind data were sampled every 3 hours (Hubertz et al. 1991) . The second wind data set consists of hourly anemometer readings from the Milwaukee Airport dating back to the early 1900s. Gaps in the data are interpolated to provide a near-continuous time series. All landbased wind data are corrected to 10 m height above ground surface using the standard 1/7th power law for the wind speed profile (Davenport 1960) . Before the hourly land-wind data were applied to the shoreline study sites, a correction that accounts for the difference between overland air temperature and water temperature was applied (Schwab and Morton 1984) .
Wind Setup
Sustained high winds from one direction can push the water level up at one end of the lake and make the water level drop by a corresponding amount at the opposite end. This is referred to as wind setup. Changes in barometric pressure can add to this effect. The wind-induced setup is estimated from a two-dimensional control volume approach (Sorensen 1997) . To estimate this effect at the study sites, the fetch lengths associated with all wind directions impacting the sites were determined (Brown 2000) . Amin (1991) states that the generation of waves sufficiently large to cause erosion requires that wind velocity from a constant direction exceeds some minimum value. These conditions may be termed storm events. The frequency of storm activity is likely to influence the rate of bluff erosion. Powers (1958) and Carter (1976) identify storms as a key erosion agent. We interpreted the criteria used by Amin (1991) and Davidson-Arnott and Pollard (1980) to define a storm event (Brown 2000) . The 3-hour intervals for which wind data are reported from the ACE data are not considered to be small enough time steps to examine storm activity. Since the Milwaukee wind data are available on an hourly basis, they were used to determine the number of storm events that occurred during each erosion epoch.
Storm Events
Wave Data
Wave data analyzed to determine deepwater wave power and runup are products of the Michigan wind-wave hindcasting project conducted by the Army Corps of Engineers (Hubertz et al. 1991) . A numerical wind wave hindcasting model called DWAVE (Resio and Perrie 1989 ) was used to simulate wave growth, dissipation, and propagation in deep water. Wave parameters including wave height, mean wave direction and wave period were computed at a number of virtual "stations" located at a selected number of points (Hubertz et al. 1991) .
Deepwater Wave Power
Wave power is the wave energy per unit time transmitted in the direction of wave propagation (Sorensen 1997) . Amin (1991) found a significant positive correlation between toe recession and deepwater wave power based on weekly recession measurements at peglines along a Lake Erie bluff shoreline site. By applying linear wave theory for small amplitude waves, the wave power P can be expressed as the product of the wave group velocity, C g and wave energy density, E -= ρgH 2 / 8, where
H is the wave height, ρ and g are the density of water and gravitational constant, respectively. In this study, the deepwater wave power for all waves directed toward the shoreline at the study sites was determined for each 3-hour time step using wave parameters from the WIS hindcast data set. An average, minimum, and maximum deepwater wave power was calculated for each of the erosion epochs for which hindcast wave data are available (Brown 2000) . Since the two shoreline reaches under consideration are relatively short, variations in wave energy among the profile locations due to wave refraction are expected to be negligible. The deepwater wave height, therefore, is taken as an available alternative to the wave energy equivalent at the shore.
Bathymetry Beach and nearshore bathymetric profiles measured at the study sites were used for the determination of the elevation at the toe of the bluff and the calculation of runup magnitude. These were provided by Guy Meadows (pers. comm., 2000) . Profiles extend from the base of the bluff to 450 m or more offshore and water depths between 5.5 and 6.0 m.
Wave Runup and Wave-Impact Height
Once waves propagate from offshore to nearshore, energy may dissipate due to bottom friction. The remainder of the energy is expressed by its ability to run up the face of the beach and possibly partially up the bluff slope. Runup is defined as the maximum elevation above the still water level to which the water from the breaking wave rises on the beach. The runup magnitude is dependent on the wave height and period of incident deepwater waves, the surface slope and profile of the shore and the nearshore, the toe depth, and the roughness and the permeability of the slope face.
Because the available nearshore slope information is much more detailed where soundings have been carried out, the bathymetric profiles were used for the runup calculations. Grain size of material in the beach and swash zone were not available, so the equations by Ahrens and Seelig (1996) could not be applied. Instead, the Army Corps of Engineers software ACES ™ was used for calculating runup. Changes in beach width, beach volume, and sediment type, all of which are known to vary somewhat across the sites, were not considered in this study. We assume beach and nearshore profiles have been similar in the past to what was measured in summer of 1999 by Guy Meadows (pers. comm., 1999). The beach slope in the swash zone is an input to the runup calculation. The runup is used, together with the lake level and base-of-bluff elevation, to calculate the wave-impact height. The shoreline orientation is considered for the computation of storm activity, deepwater wave power and wave-impact height. Only waves and winds directed toward the shoreline when it was ice-free were included in the storm frequency, wave power, and runup calculations.
Wave-impact height is defined as the height above the top of the beach to which the wave runup reaches. Wave-impact height is calculated using the following relationship Wave-Impact Height = {Still Lake Level} + {Wind Setup}+ {Runup} -{Base of Bluff Elevation}.
The wave-impact height was determined for each 3-hour increment for which wave data were available, from 1956 to 1997. Our hypothesis is that the greater the incidence of high wave-impact heights, the more recession there is likely to have been. To better quantify the amount of extreme wave activity on a temporal scale finer than the duration of each epoch, the maximum wave-impact height for each month of the entire hindcast period was computed. Annual averages based on these monthly peaks were then determined, which is relevant to the number of storm events discussed in next section. Tables 3 and 4 show time-interval recession rates of bluff top and bluff toe for the two sites. At the Ozaukee site (Table 3 ) the 1941 orthophoto only includes profiles WPW1, 2, and 3 because the 1941 aerial photographs did not extend far enough north to include two of the profiles (WPW-4 and WPW-5). Profile WPW-5 was not included in any of crest line mapping with the orthophotos created because the crest was not discernible on the airphotos when viewed either in stereo or on the digital image viewed on the computer screen because of dense tree cover (Brown 2000) .
RESULTS
Recession Rates at the Two Sites
Recession rates were measured at the crest, but not at the toe of the bluff at the Manitowoc site. The Manitowoc bluffs are much lower and steeper than at the Ozaukee site, so the toe was extremely difficult to discern on ortho-rectified aerial images. Because the bluffs at the Manitowoc site have retreated in a more or less parallel manner since the 1970s (Mickelson et al. 1977 , Chapman et al. 1997a , the crest recession rate should reflect the recession rate at the toe. Any time lag between the waves eroding the base of the bluff and the response at the crest, is expected to be significantly shorter than the duration of the epochs considered. The results of crest-recession-rate measurements at the Manitowoc site are summarized in Table 4 .
Recession Rate and Precipitation
Annual precipitation rates and the average precipitation rates per epoch are shown with the crestrecession rates for the Ozaukee site in Figure 3 . There was a steady increase in the average precipitation starting after the 1956-64 period. With the exception of WPW-4, this appears to match the trend of increasing crest-recession rates after the 1964-75 period. However, the crest-recession rate values are relatively low (between 0 and 0.5 m/yr) and the change in precipitation over the span of decades does not vary appreciably. The precipita- Note: The positive rates indicate bluff retreat. The negative toe recession rates indicate a near-zero toe retreat or a net deposition at the toe over the course of the erosion epoch. Negative crest recession rates are within the estimated error (Brown 2000) and are assumed to be zero. (Brown 2000) and are assumed to be zero.
tion magnitudes on the scale of years, however, show some notable changes, particularly the maximum yearly value of over 1,000 mm in 1959. The precipitation rate and crest-recession rate over time for the Manitowoc site are shown in Figure 4 . The overall minimum of annualized precipitation averaged over the erosion epochs occurred during the 1961-67 epoch. This is the same period during which there was virtually no crest recession. Higher recession rates occurred before and after this low-erosion epoch. Slightly increased precipitation rates also occurred before and after the lowprecipitation epoch. However, the average precipitation and recession rate trends over time do not entirely agree. The epoch-averaged precipitation rates show a local maximum in the earliest epoch , whereas recession rates for the earliest epoch were lower than the following (1952-61) epoch. The 1938-52 erosion epoch only overlaps with precipitation data by 19%, so the average precipitation rate may not be representative of the entire epoch.
Recession Rate and Lake Level
Bluff crest-recession rate is likely to be influenced by lake level at sites where the lag time between undercutting at the base and the response in the form of failure at the crest is short. At the Ozaukee site, the response of the crest to the undercutting at the toe is expected to be on the order of 50 to 100 years (Mickelson et al. 2004) . In contrast, the crest of the lower bluff at the Manitowoc site probably responds to wave erosion at the toe in months, or at most, a few years. Figure 5 shows the crest-recession rates at the Ozaukee site. While there was little recession during the low water-level period of the 1960s, the recession rate did not definitively rise thereafter as did the level of the lake. A slight rise in crest-recession rate took place between the 1964-75 and 1975-88 epochs. This was coincident with a further rise in lake level. However, crest recession maintained its rate of about 0.5 m per year through the final erosion epoch while lake level dropped significantly, likely because of the long response time of high bluffs. The bluff-toe recession rate at the Ozaukee site and Lake Michigan level over time are shown in Figure 6 . A reduced recession rate coincided with a drop in average lake level from the first epoch to the second epoch . The maximum recession rates recorded for this study occurred during the 1964-75 epoch. While this does not represent the maximum epoch-based average lake level, it represents a time period that experienced the most dramatic rise in lake level. Lake Michigan rose by more than a meter during this epoch. Following the 1964 Following the -1975 period, the recession rates for nearly all the profiles continued to fall through to the most recent epoch considered . During the 1975-88 epoch, a time during which the recession rates had already begun to fall, the average lake level over the scale of epochs reached a maximum.
The recession rate of the bluff crest at the Manitowoc site is shown together with historic lake level in Figure 7 . The crest experienced equally high (1-1.5 m/yr) recession rates before and after the 1961-67 epoch for profiles WTR-1 and WTR-2. For all the profiles, the low-erosion period of 1961-67 corresponds with a low lake-level period. The lake-level high after the 1961-67 period was of greater magnitude and duration than the lake-level high before this. Profiles WTR-4 and WTR-5 had less recession per year before the low lake level period than after (i.e., good agreement with the lake level trends). The bluffs at WTR-3 show more recession per year before the low lake level period than after (i.e., poor agreement with the lake level trends). The variations in lake level, therefore, are matched extremely well by changes in crest-recession rates of 2 of the 5 profiles (WTR-4 and WTR-5), moderately well by crest-recession changes in 2 profiles (WTR-1 and WTR-2) and moderately poorly in profile WTR-3.
Recession Rate and Storm Events
The number of storms per year is shown on an annual basis and on an epoch-averaged basis for the Ozaukee site in Figure 8 . The crest and toe-recession rates are shown on these figures for one representative profile. The highest average rate of storms occurred during the most recent erosion epoch , a time during which the crest-recession rate was at or near its highest level. However, the crest recession rate magnitudes were not greater than 0.7m/year and were generally between 0 and 0.5m/year across all the erosion epochs. A number of consecutive years of elevated storm activity occurred in the mid-1960s and the early 1970s. Both of these periods are associated with an epoch over which high toe-recession rates were measured for the Ozaukee site. Toe-recession data are available only for the Ozaukee site. For four of the five profiles, the lowest bluff-toe recession rate at the Ozaukee site occurred during the most recent epoch (Brown 2000) . Indeed, the recession rates for these four profiles are negative numbers, potentially due to the presence of mass wasting material building up at the toe of the bluff that had not yet been removed by wave action.
At the Manitowoc site (Fig. 9) a relatively large average number of storms per year, on the time scale of the erosion epochs, occurred during the period (1961-67) when the least recession took place. The maximum average number of storms per year took place during the most recent epoch, 1992-99. At the time scales being considered, crest-recession rate does not appear to have been strongly influenced by storm frequency alone at either of the study sites.
Recession Rate and Deepwater Wave Power
The trend of deepwater wave power over time is shown in Figures 8 and 9 for the Ozaukee and Manitowoc sites respectively. The deepwater wave power reached its peak during the 1964-75 epoch, a time when the highest recession rate occurred at the toe at the Ozaukee site. The annual mean deepwater wave power stayed at high levels until 1980. Before and after the high values exhibited between 1970 and 1980, the deepwater wave power seems to have varied about a relatively constant mean value. The consistently high annual mean deepwater wave power between 1970 and 1980 is also observed at the Manitowoc site (Fig. 9) . The wave power rose and stayed high beginning in the 1967-75 erosion epoch, a time at which the highest recession rate was observed for 3 of the 5 profiles (WTR-3 to WTR-5). For the remaining two profiles (WTR-1 and WTR-2), the maximum recession rates were not attained between 1967 and 1975, but the measured rates still showed a dramatic increase from 1961-67 period to 1967-75 period.
Recession Rate and Wave Impact Height
The annual average of maximum monthly waveimpact heights is shown together with the toe-recession rate for the Ozaukee site in Figure 10 . The annual average of peak monthly wave impact heights varies from 2.5 m to 5.0 m. A large jump in peak wave-impact heights occurred during the epoch associated with a dramatic rise in toe-recession rates at the Ozaukee site. The small differences in beach slope and bluff toe elevations for the different profiles account for differences in magnitude of the wave-impact heights, but do not appear to alter the trends in wave-impact height over time.
The trend of annual average peak monthly maximum wave-impact height varies greatly over time and compares more favorably to the trends of recession rate than do the epoch minimum, maximum or mean wave-impact height Brown (2000) . The annual average of peak monthly wave-impact heights and crest-recession rate at the Manitowoc site are shown in Figure 11 . The annual average of peak monthly wave impact varied from 1.75 m to 4.5 m. At the Manitowoc site, the wave-impact heights rose dramatically early in the 1967-75 epoch, the time period during which the highest recession rate occurred.
DISCUSSION
One of the main objectives of this study was to find empirical relationships between bluff recession rates and one or more factors that appear to influence them. The influence of storm counts and precipitation magnitude pale in comparison to the effect that lake level and wave-impact height have had on recession rate of the bluffs. By applying the storm definitions used in this study (Brown 2000) to the Milwaukee wind data we have determined that there is approximately 1 storm every 3 days based on annual rates. Since we know storms do not occur this frequently, our storm definition is clearly not isolating the extreme events that are capable of eroding bluff material. A more restrictive storm definition would yield a storm count over each epoch that might relate better to observed recession rates. Since the epoch-averaged precipitation trend is so similar to that of the lake level, it is difficult to decouple the effect of precipitation from the effect that lake level has on the recession rate.
Lake level has an unquestionable influence on the toe-recession rate of the high bluffs at the Ozaukee site and the crest-recession rate of the low bluffs at the Manitowoc site. They show very similar relationships to the epoch-averaged lake levels (Figs. 6 and 7) . Recession of the crest of the Ozaukee bluffs shows a relatively poor relationship with FIG. 9. Lake level, storm count, precipitation, wave power, and crest recession rate for profile WTR-4 at the Manitowoc site.
Factors Controlling Rates of Bluff Recession at Two Sites on Lake Michigan
317
lake level trends because consistently low recession rates are observed throughout the time period of record. This is likely because the 5 to 20 year period of this study is shorter than the cycle time for waves to erode the base of the high bluffs sufficiently to cause a failure that extends to the crest as shown in Figure 2 . While recession rates at the toe of the Manitowoc bluffs were not quantified for this study, visual observations made of these low bluffs over the past 25 years suggest that the retreat at the crest follows closely behind the retreat at the toe and the slopes of the bluff doesn't change appreciably. These data suggest that the bluff failure cycle time at the Manitowoc site is considerably shorter than the 5-15 year intervals considered for this study. The difference in recession rate between the toe and the crest at the high-bluff site and the parallel retreat at the low-bluff site has been observed for a number of years (Mickelson et al. 2004) . Berg and Collinson (1976) argued that high lake levels are a primary cause of bluff erosion. Bluff top recession of bluffs varying in height between 6 m and 27 m was considered for their study. They suggested that bluff top recession rate rises a few years after lake level rises, but the elevated rate can be maintained or even accelerated as the lake level decreases from a high level. According to Berg and Collinson, as lake level rises, well-developed beaches delay the onset of maximum erosion rates because it takes time to deplete the beach. They attributed the observed time lag between a fall in lake level and a decreased erosion rate to the time required to vegetate the scarified bluffs. Other possibilities to explain the time lag between water level fall and decreased bluff top recession rate may be due to groundwater destabilization (Montgomery 1998) , or simply that the upper bluff slope remained steep and unstable.
We find that peak bluff-toe recession rates, measured over the scale of decades, actually precede the maximum epoch-averaged lake level for the Ozaukee site. The maximum toe-recession rate occurs during an epoch that experiences the most dramatic rise in lake level. The Manitowoc site bluff-crest recession rates generally follow the pattern of average lake level with no temporal shift in either direction. The recession intervals considered for the Berg and Collinson (1976) study were short enough (1-year intervals) to observe a time delay before erosion rates increased after a rise in lake level, and a sustained high erosion rate was sustained while lake level fell. These time lags observed by Berg and Collinson are on the order of 3-4 years long. The erosion epochs considered for this study (5-15 year intervals) are too long to measure the delay in the onset of high recession rate due to high water level or the delay in the decrease of recession rate following a drop in lake level. Amin (1991) observed a strong correlation between deepwater wave power and bluff-toe recession rates. Amin collected recession data by measuring exposed horizontal peg lengths every one or two weeks over a period of two years. Data from the present study do not show nearly as strong a relationship between deepwater wave power and recession rate as Amin's study. The time resolution used by Amin was much finer and the amount of recession data generated was much greater than the present study. Accurate recession-rate measurements recorded on the scale of weeks may be the key requirement to establish a strong statistical correlation between recession rate and wave power. However, a study such as Amin's that only spans a total of 2 years' time cannot consider the influence of lake level, since the cycle time of lake level variation is on the scale of 10-15 years for the Great Lakes.
Another important factor may be the beach width. Since the bluffs at Amin's site had very little protective beach, shoreward waves were regularly reaching the base and the face of the bluffs. The two Wisconsin bluff sites adopted for this study have relatively wide beaches. During low lake level periods, the waves rarely reach the bluffs and when the lake level rises the bluff is reached more frequently. The reduced frequency with which the waves impact the bluffs at the Wisconsin study sites may be part of the reason for the relatively poor agreement with deepwater wave power and bluff recession. Davis et al. (1973) suggest that lake level merely plays a passive role by providing the appropriate conditions for bluff recession to occur. The actual removal of material, they contend, is due in part to high waves associated with intense storms. In an attempt to better predict recession rate, they introduce consideration of the annual average of maximum monthly wave impact heights. Figure 11 (Manitowoc site) shows that when lake level reaches a peak value, the crest recession is at or near its highest level, and the wave-impact height rises dramatically during the 1967-75 epoch. Because of the coincidence of these and the time intervals available at the Manitowoc site, the results for the Manitowoc site do not allow us to interpret a difference between the effectiveness oflake level and wave-impact height as predictors of the rate of bluff erosion. On the other hand, the Ozaukee site (Fig. 10) shows a clear, sharp rise in wave-impact height and a peak in the toe-recession rate during the 1964-75 epoch, a time period over which the epoch-averaged lake level did not reach a maximum (although the lake level shows a dramatic rise over this epoch). The wave impact height shows considerable promise for explaining trends in bluff-recession rates over time. Because the wave-impact height combines the effects of lake level and waves, it can be expected to show a better agreement with bluff-recession rate over time than lake level alone, and its usefulness should be tested on other shorelines where short time-interval recession data are available.
CONCLUSIONS
1. There is not a strong relationship between deepwater wave power alone and recession rate over the time scales considered at the two study sites.
2. Storm frequency alone has little impact on recession rates over the time intervals studied.
3. Because the epoch-averaged precipitation trend is so similar to that of the lake level, it is difficult to decouple the effect of precipitation from the effect that lake level has on the recession rate.
4. Lake level appears to have a major influence on recession rate. Both the toe-recession rate of the high bluffs at the Ozaukee site and the crest-recession rate of the low bluffs at the Manitowoc site show remarkably similar patterns over time to the epoch-averaged lake levels.
5. The crest-recession rate trends observed at the high bluffs of the Ozaukee site do not correspond well with lake level changes, but the toe-recession rate shows trends similar to that of lake level over time. This is because the 5-to-20-year period of this study is shorter than the cycle time for waves to erode the base of the high bluffs sufficiently to cause a failure that extends to the crest (probably 50 to 100 years).
6. While recession rates at the toe of the Mani- towoc bluffs were not quantified for this study, visual observations made of these low bluffs over the past 25 years suggest that the retreat at the crest follows closely behind the retreat at the toe. These data suggest that the bluff failure cycle time at the Manitowoc site is considerably shorter than the 5-20 year intervals considered for this study. Significant correlation of crest recession rates with lake level changes at this site provides support for this inference. 7. Peak recession rates, measured over the scale of decades, actually preceded the maximum epochaveraged lake level for the bluff toe at the Ozaukee site. The maximum toe-recession rate occurred during an epoch that experienced the most dramatic rise in lake level. The Manitowoc site bluff-crest recession rates generally follow the pattern of average lake level with no temporal shift in either direction.
8. The present study introduces consideration of the annual average of maximum monthly wave impact heights. This is a composite factor that shows considerable promise for explaining trends in bluffrecession rates over time. The wave-impact height combines the lake level with the wave effects and shows a promising relationship to bluff-recession rate over time. Our results suggest that wave-impact height may be more strongly linked to recession rate than lake level alone.
